Objectives: The purpose of this investigation was to examine, via flexible endoscopic evaluation of swallowing (FEES), factors that affect penetration and aspiration during swallowing across the adult lifespan. Methods: Healthy adults (N = 203) across the third to ninth decades of life participated. Penetration Aspiration Scale (PAS) scores were assessed during FEES as a function of age, sex, liquid type (water and skim, 2%, and whole milk), volume (5, 10, 15, and 20 ml), and delivery (cup and straw). Results: The PAS scores differed significantly by liquid type (P < .0001) and age group (P < .0001). In general, PAS scores were higher for milk versus water swallows and for older age groups. Significant interactions of liquid type by age (P = .0042) and sex by volume (P = .020) were also evidenced. In addition, the odds of penetration and aspiration increased significantly with milks compared to water and age (P < .05). Increased bolus volume also increased the odds of aspiration (P < .05). Conclusions: Aspiration may be an underappreciated phenomenon in healthy adults. The inclusion of both water and milk test boluses of various volumes during FEES may be important for the appropriate assessment of adult penetration and aspiration.
Article
Flexible endoscopic evaluation of swallowing (FEES) has been used clinically for more than 20 years. 1 However, there are no investigations of swallowing in healthy adults using FEES across the life span. Without an accurate benchmark on normal swallowing across the life span, clinicians' and researchers' ability to diagnose swallowing disability is hindered. Lack of evidence of "What constitutes normal swallowing?" may lead to under-or overmanagement of aspiration. Undermanagement (eg, allowing consumption of thin liquids when aspiration exists on thin liquids) may potentially result in aspiration pneumonia. Overmanagement (eg, unnecessarily restricting all thin liquids when some thin liquids are tolerated without aspiration) impacts quality of life and may affect hydration and nutrition status. A study evaluating normal swallowing across the adult life span relative to aspiration was direly needed.
A premise of FEES testing is that aspiration observed during FEES is abnormal and thus represents evidence of a swallowing disorder. However, our earlier work suggests that this premise is not correct. In 4 independent healthy cohorts, approximately 30% of older participants demonstrated aspiration at some time during the FEES that comprised 3% to 7% of the study swallows. [2] [3] [4] [5] [6] Many healthy older adults, screened to rule out any condition that would predispose them to dysphagia, aspirated and had a greater likelihood of aspiration than young adults. In fact, aspiration was occasionally observed even in the young adults. Furthermore, when aspiration was observed in a healthy adult, the aspiration was silent the majority of the time. This was a surprising finding and further generated the need to robustly evaluate swallowing in healthy adults to obtain an accurate understanding of the range of normal swallowing to more accurately diagnose swallowing problems in patients and minimize the risk of under-or overmanagement of aspiration. Since our early findings challenged the notion of normal swallowing (ie, all aspiration is abnormal), we sought to address this issue and examine swallowing in healthy adults spanning the third to the ninth decades of life. We previously performed FEES in 76 healthy adults, whose ages ranged from 61 to 90 years, and published that data first 4 while we continued to collect the remaining adults from younger decades of life. Herein, we include additional analyses of aspiration and risk for aspiration of a complete cohort across the healthy adult life span from the third to ninth decades.
We also noted in the early studies that milk, larger bolus volumes, and straws yielded a greater likelihood of aspiration compared to water, small bolus volumes, and cup drinking, respectively. [2] [3] [4] The importance of those findings is that if a clinician or researcher only utilizes milk during a FEES examination and the patient aspirates milk, he or she may overly restrict a patient's diet if water was tested and tolerated without aspiration. Conversely, if only water was tested and no aspiration was identified during the FEES, a clinician may place that patient on a full range of liquids. However, if milk had been tested, it is possible the milk may have been aspirated and the clinician would have unknowingly recommended a full range of liquids that included milk and placed that patient at a greater risk for pulmonary complications. A similar scenario exists for bolus volumes tested during FEES. We also noted differences in aspiration risk relative to cup versus straw drinking. Lastly, in one of our studies, older males demonstrated a greater frequency of aspiration than older females, 5 so it appeared plausible that a sex effect may be present relative to aspiration risk. Therefore, the effects of age (ie, third through ninth decades of life), liquid type (ie, water and skim, 2%, and whole milk), delivery method (ie, cup and straw), volume (ie, 5, 10, 15, and 20 ml), and sex on the presence/absence of aspiration were assessed during FEES.
From previous research, we hypothesized that higher fat content of liquids, large volumes, straw delivery, advanced age, and male sex would evoke a greater likelihood for aspiration in healthy older adults. 
Materials and Methods

Participants
Procedure
Participants underwent FEES while sitting in the upright position. A 3.1-mm digital flexible endoscope was lubricated with Surgilube (Altana Inc, Melville, New York, USA) and passed transnasally, typically on the floor of the nose, by the first author to obtain a superior view of the hypopharynx. The endoscope was moved throughout the study between swallowing and post-swallow positions to collect the data.
Swallowing position required that the distal end of the endoscope was just above the top of the epiglottis so that the entire base of tongue, tip of the epiglottis, posterior pharyngeal wall, lateral pharyngeal walls (eg, lateral channels), and laryngeal vestibule were visualized prior to bolus administration. The endoscope was maintained in swallowing position throughout bolus administration and was moved only while the scope was advanced to post-swallow position following a bolus presentation. To obtain postswallow position, the distal end of the scope was advanced lower into the pharynx, past the tip of the epiglottis and into the upper portion of the laryngeal vestibule where the glottis and trachea could be well visualized. Post-swallow position was only held long enough to determine the Penetration Aspiration Scale (PAS) score, and then the scope was pulled back into swallowing position.
Four liquid types (ie, water, skim milk, 2% milk, and whole milk) with 4 bolus volumes (ie, 5, 10, 15, and 20 ml) were administered with 2 delivery methods (ie, straw vs cup). All boluses were taken from the refrigerator simultaneously approximately 5 to 10 minutes prior to administration and were dyed with green food coloring to improve endoscopic visualization. Approximately 0.3 ml of green food coloring was added per 118 ml liquid. The boluses were randomly presented to each participant in 1 data collection session of approximately 15 minutes. Premeasured liquid boluses were placed in 30 ml plastic cups for the cup delivery conditions. For straw administrations, a straw 185 mm in length with an inner diameter of 4.6 mm was placed in a 118 ml cone-shaped cup (Solo Cup Company, Urbana, Illinois, USA). Participants were instructed prior to bolus administration that once handed a cup to swallow all liquid in 1 swallow when ready 7 ; however, they could take more than 1 swallow if needed.
Each PAS score was assigned after reviewing each swallow in real time, slow motion, and frame-by-frame. Using the PAS in FEES has been shown in the present cohort 8 and others 9, 10 to have excellent inter-and/or intrarater reliability, and PAS scores were assigned in accordance with previously published methods. 9, 11, 12 Higher PAS scores reflect more abnormal swallows (see Table 1 ). A PAS score of 1 is a normal swallow with no material in the airway, scores between 2 and 5 indicate that material entered the laryngeal vestibule (ie, penetration), and scores of 6 to 8 indicate that material passed below the vocal cords into the trachea (ie, aspiration).
Data Analysis
A total of 6404 data points (ie, swallows) were available for statistical analyses (ie, 203 participants × 32 swallows; 92 data points were excluded for missing data). Thus, 1 swallow was performed for each bolus condition. All swallows were scored with the 8-point PAS. Of note, endoscopic evaluation scores transient penetration, which occurs with the swallow, as a PAS 2. That is, no penetration is seen in the laryngeal vestibule after the swallow, so no sensorimotor response would be expected. Accordingly, PAS 2 was eliminated from the sensorimotor calculations. Since PAS scores were highly skewed, ranks were used in place of the PAS scores. A 5-factor linear mixed model analysis of variance (ANOVA) was used to examine the effect of age, sex, liquid type, bolus volume, and bolus delivery on the PAS ranked scores. The analysis was simplified by examining the ANOVA with a main effects model, 2-way interaction model, and 3-way interaction model. A compound symmetry covariance structure was used to model the withinpatient correlation.
A generalized estimating equations logistic regression model was used to further investigate the relationship for penetration and aspiration status with predictor factors (ie, age, sex, liquid type, bolus volume, and bolus delivery). An exchangeable covariance structure was used to model the within-patient correlation. An odds ratio (OR) for each factor was obtained for penetration and aspiration, respectively, compared to normal swallow, indicating the relative risk of penetration and aspiration between different factor levels. SAS version 9.1 (SAS Institute Inc, Cary, North Carolina, USA) was used for all analyses, and an alpha level of .05 was set for statistical significance.
Results
PAS as Function of Liquid Type, Age Group, Bolus Volume, Delivery Method, and Sex
A 5-factor factorial linear mixed model ANOVA revealed statistically significant main effects of liquid type and age (see Table 2 ). In general, PAS scores were higher for milk swallows than water swallows and for older age. The PAS scores for water differed significantly from those of skim milk (P < .01), 2% milk (P < .0001), and whole milk (P < .0001). The PAS scores for participants who were 81 to 90 years of age differed significantly from those of all younger Material enters the airway, remains above the vocal folds, and is not ejected from the airway 4
Material enters the airway, contacts the vocal folds, and is ejected from the airway 5
Material enters the airway, contacts the vocal folds, and is not ejected from the airway Aspiration 6 Material enters the airway, passes below the vocal folds, and is ejected into the larynx or out of the airway 7
Material enters the airway, passes below the vocal folds, and is not ejected from the trachea despite effort 8
Material enters the airway, passes below the vocal folds, and no effort is made to eject participants (P < .0001) except those who were 71 to 80 years (P = .31). Statistically significant 2-way interactions of liquid type by age and sex by volume (P < .05) were also found. The 2-way interactions of liquid type by age and volume by sex are illustrated in Figures 1 and 2 , respectively. No other significant 2-or 3-way interactions were found (P > .05).
As seen in Figure 1 , PAS scores were generally higher for milk versus water swallows across the life span. The difference in the PAS scores across the liquid conditions was greatest in the 2 oldest age groups of 70 to 81 and 81 to 90 years old compared to the younger age groups. To investigate the source of the liquid type by age interaction, 7 sets (1 set for each age group) of 3 single-df orthogonal contrasts 13 were undertaken. There was no significant difference in PAS scores across the different liquid types for the 20-to 30-, 41-to 50-, 51-to 60-, or 61-to 70-year olds (P > .05). For the 31-to 40-year-olds, the whole milk PAS scores were significantly higher than the other liquids (P = .04). For the 71-to 80-year-olds, there was a statistically significant difference between water and skim milk PAS scores (P = .03) but not between 2% and whole milk (P = .97). The PAS scores were also significantly different between water and skim milk versus the 2% and whole milk (P = .006). With the 81-to 90-year-olds, PAS scores were also significantly different between water and skim milk versus the 2% and whole milk (P = .006). There were, however, no statistically significant differences found between water and skim milk (P = .15) or the 2% and whole milk PAS scores (P = .42). Pairwise comparisons were also used to examine differences across the age groups for each liquid type. For water, there were no statistically significant differences between the 20-to 30-, 31-to 40-, 41-to 50-, and 51-to 60-year-old PAS scores (P > .05). The 61-to 70-yearolds had significantly different PAS scores versus the 20-to 30-(P = .009), 41-to 50-(P = .03), and 81-to 90-year-olds (P < .0001). The 71-to 80-year-olds also had significantly different PAS scores versus the 20-to 30-(P = .001), 41-to 50-(P = .003), and 81-to 90-year-olds (P < .002). The 81-to 90-year-olds had significantly different PAS scores compared to younger age groups (P < .0001). With the skim, 2%, and whole milk liquids, the exact pattern of results was found: There were no statistically significant differences between the 20-to 30-, 31-to 40-, 41-to 50-, 51-to 60-, and 61-to 70-year-old PAS scores (P > .05). There was a statistically significant difference between the 71-to 80-and 81-to 90-year-old PAS scores (P > .05). The 81-to 90-year-old PAS scores were also statistically different than the 20-to 70-year-old groups (P > .0001). As seen in Figure 2 , PAS scores remained consistent for females regardless of the bolus volume, whereas males exhibited greater PAS scores on the larger bolus volumes of 15 and 20 ml compared to 5 and 10 ml. Two sets (1 set for each sex) of 3 single-df orthogonal contrasts were undertaken to examine the source of the volume by sex interaction. There was no statistically significant difference between PAS scores for the females across the 4 volumes (P > .05). For the males, there was no significant difference between 5 and 10 ml (P = .44) or 15 and 20 ml (P = .27) volumes. The 5 and 10 ml PAS scores were, however, significantly different than the 15 and 20 ml PAS scores (P = .002). Further, there was only a statistically significant difference between female and male PAS scores with the 20 ml volume (P < .0001).
Occurrences of and Sensorimotor Response to Penetration and Aspiration
There were 601 episodes (9.4%) of penetration and 104 episodes (1.6%) of aspiration during the 6404 total swallows of the cohort. Fifty percent (101/203) and 18% (36 of 203) of the participants demonstrated penetration and aspiration at some point in the test, respectively. Of the 36 participants who demonstrated aspiration, 75% (27/36) had silent aspiration.
Eighty-three percent (161/194) and 64% (67/104) of penetration and aspiration episodes, respectively, did not elicit a sensorimotor response (ie, throat clear and/or cough response). In other words, there was no attempt by the participant to clear the penetrated or aspirated liquid. The number of silent aspiration episodes as a function of the number of participants is presented in Figure 3 . Observed PAS scores as a function of penetration, aspiration, and silent aspiration are summarized separately for each component of the testing conditions (ie, liquid type, bolus volume, and delivery method) in Table 3 .
Odds Ratio of Penetration
Adjusted mean penetration rates as a function of predictor factors (ie, liquid type, bolus volume, delivery method, age, and sex) are displayed with 95% confidence intervals in Table 4 . The odds of penetration increased significantly with increasing fat content of a liquid and older age. Specifically, compared to water, skim milk increased the odds for penetration by at least 42% (P < .04), 2% milk increased the likelihood of penetration by 41% (P < .02), and whole milk increased the OR of penetration by 26% (P < .01). Compared with 51-to 60-year-olds, the 71-to 80-year-olds and the 81-to 90-year-olds had a fivefold increased odds of penetration (OR = 4.72 and 5.02, respectively, both P < .001), 21-to 30-year-olds had an 88% lowered odds of penetration (P < .01), and 31-to 40-yearolds, 41-to 50-year-olds, and 61-to 70-year-olds had a 2.5% decreased, 36% decreased, and 66% increased risk of penetration, although none were statistically significant (P > .05). Delivery type, bolus volume, and sex showed no significant effects on the likelihood of penetration (P > .05).
Odds Ratio of Aspiration
Adjusted mean aspiration rates as a function of predictor factors (ie, liquid type, bolus volume, delivery method, age, and sex) are displayed with 95% confidence intervals in Table 4 . Higher fat content of a liquid, increased volume, and older age increased the odds of aspiration. Skim, 2%, and whole milk increased the likelihood of aspiration by 1.9-, 3.4-, and 3.1-fold, respectively, as compared with water (P < .04, .0001, and .0001, respectively). The odds of aspiration increased 13.6-fold in 81-to 90-year-olds as compared with 21-to 30-year-olds. No other age comparisons were significant (P > .05). The 20 ml bolus volumes significantly doubled the likelihood of aspiration, and 15 ml bolus volumes increased odds of aspiration by 85% (P < .001) compared to the 5 ml bolus volume. There was no difference between likelihood of aspiration for 10 and 5 ml volumes (OR = 1.04, P = .89). Delivery type and sex did not appear to have any effect on OR of aspiration (P > .05).
Discussion
The purpose of this investigation was to examine penetration and aspiration as well as factors that affect penetration and aspiration in the swallowing of healthy adults across the life span to provide an accurate reference to diagnose swallowing disorders in patients with suspected swallowing problems. Penetration Aspiration Scale scores as a function of age, sex, bolus type, bolus volume, and bolus delivery were examined in 203 adults. Older age (71-80 and 81-90 years) and milk boluses yielded higher PAS scores compared to young adults and water boluses. The significant interaction of age by liquid type revealed that the older adults demonstrated a greater difference in PAS scores of milks compared to water than the younger adults. In addition, the significant interaction of sex by volume revealed the females demonstrated a consistent PAS score regardless of bolus volume, whereas males had a higher PAS score with the larger bolus volumes of 15 and 20 ml compared to 5 and 10 ml.
The majority of swallows revealed no penetration or aspiration. However, there were 601 episodes (9.4%) of penetration and 104 episodes (1.6%) of aspiration during the 6404 total swallows. Of the 203 adult participants, 50% and 18% of the participants penetrated and aspirated at some time during the study protocol. Silent aspiration (ie, PAS 8: no cough or throat clear) was observed in 75% of the aspirators. The OR analyses highlighted that older age, milk versus water, and larger bolus volumes increased the odds of penetration and aspiration in this healthy cohort.
One of the most poignant findings in this project was that aspiration, and the majority of the time silent aspiration (ie, no throat clear or cough), was observed in this healthy group of adults across the life span during FEES. Many clinicians and researchers have held the presupposition that aspiration (and especially silent aspiration) is pathologic and use this observation as one of the components to diagnose a swallowing disorder. However, the findings from this large cohort and our previously published, independent smaller cohorts 2,3,14,15 refute this presupposition and introduce a new paradigm of understanding as to what constitutes normal swallowing. In addition, a substantial number of videofluoroscopic and endoscopic investigations have reported 1 to many aspiration events in their healthy cohorts, 16 and they have primarily referred to those aspiration events as outliers or exceptions. Granted these referenced studies have not observed the frequency of aspiration that our investigations have; however, these investigations have 1 or more of the following limiting components in a swallowing research project: small number of participants; small bolus volumes (eg, 1, 3, and/or 5 ml); limited liquid types; spoon delivery of the bolus; barium, which is more viscous than water or milk and is subject to contrast and radiographic detection issues; and/or cued swallows (cf. spontaneous swallows). The awareness that a multitude of investigations have reported aspiration events in healthy adults along with findings from this current comprehensive study on normal swallowing further support the paradigm that aspiration, and usually silent aspiration, comprises the range of swallowing in healthy adults, especially older adults over the age of 70 years. Is the status of an aspirator or nonaspirator, as identified in these past studies, stable over time? The evidence suggests yes. A subset of 18 participants from this current cohort was evaluated with a second FEES 6 to 21 months following the original FEES. All aspirators (N = 9) and nonaspirators (N = 9) demonstrated aspiration and no aspiration on the repeat evaluation. 24 Even within the same sampling session, aspiration/no aspiration was stable in 20 healthy older adults (mean age = 78.9 years). That is, a measure of association was examined between 2 trials of the swallowing status categorical scores (no aspiration, penetration, or aspiration) at each bolus condition, and a statistically significant high degree of association was found between trials 1 and 2 (Spearman's r s = 0.32, P < .014). 5 These findings are consistent with the view that individuals who do not aspirate/aspirate on a FEES will likely not aspirate/aspirate within the same FEES or on a repeat FEES within a relatively short sampling period.
Given the finding of aspiration and especially silent aspiration is stable over time in healthy adults, one may ask whether or not the participants who demonstrated silent aspiration are more prone to pneumonia or adverse pulmonary outcomes. In other words, how does one transfer this understanding of intermittent aspiration in healthy adults to clinical utilization during FEES? To begin to address this question, 50 healthy adults, comprised of aspirators (N = 25; mean age = 77 years) and nonaspirators (N = 25; mean age = 76 years) from this cohort, underwent a computed tomography scan to compare lungs between the 2 groups, and those results revealed there was no statistical difference in adverse pulmonary findings (eg, bronchiectasis, bronchial wall thickening, fibrosis, air trapping, intraluminal airway debris). 25 The conclusion from that study was that intermittent episodes of aspiration are tolerated in healthy adults without adverse pulmonary outcome. Although there are studies that have examined pneumonia risk in patients with dysphagia, [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] an association between aspiration and pneumonia has been equivocal (Sala et al as cited in Martino et al 39 ) . Thus, it is probable that not all aspiration carries the same risk for pneumonia. What continues to be the clinicians' and researchers' challenge is to demarcate how much aspiration and what predisposing factors (eg, chronic obstructive pulmonary disease, compromised immune system, not able to self-feed, decreased mobility, etc) place a patient at risk for aspiration pneumonia. Although PAS levels 6 through 8 define the presence of aspiration, they do not differentiate amount of aspiration. The first author, who performed all 203 FEES, would clinically interpret the majority (but not all) of the aspiration events in this study to be trace in nature ranging from a pea-sized amount of aspirate just below the level of the vocal folds to a small thin line of aspirate coursing down the anterior trachea. To wit, aspiration has been consistently found in healthy adults during FEES over independent investigations, is a stable phenomenon over time, and does not necessarily appear be associated with adverse pulmonary outcome. Nevertheless, additional work must be done to determine what or how much aspiration leads to pneumonia. In addition, longitudinal studies following healthy adult aspirators and nonaspirators for adverse nutrition, hydration, and additional pulmonary outcomes are warranted. However, the presently well-documented phenomenon of aspiration in healthy adults should provide the clinician with some increased latitude in judgment to diagnose a swallowing disorder during FEES and make diet recommendations minimizing error in over-or undermanagement of aspiration.
In conjunction with the presence of aspiration in healthy adults are the factors that impact aspiration and PAS scores. As seen Figure 2 , a marked increase in PAS scores (ie, decrease in swallowing performance) was observed in adults 71 years and older. Advanced age elicited greater PAS means and increased the likelihood of penetration and aspiration. Statistically significant changes in PAS scores as a function of age were not observed in a previous videofluoroscopic study of 98 healthy adults. 22 However, only a 3 ml barium bolus was used to test the swallow, which is an exceedingly small bolus volume to evaluate realistic swallowing when the average bolus size adults consume is 21 ml (±5 ml). 40 Allen and colleagues also found no difference in PAS scores between young and older healthy adults (N = 149 participants) undergoing videofluoroscopic analyses of 3 bolus sizes: 1, 3, and 30 ml. Again, the 1 and 3 ml bolus volumes are likely not large enough to simulate a normal bolus swallow and differentiate between young and older adults. 16 The 30 ml bolus volume that was used likely elicited a sequential swallow where the participant divided the 30 ml volume across multiple swallows. Nevertheless, this was a robust videofluoroscopic study where 11.4% of participants penetrated, and only 1 participant (ie, a 60-yearold female) aspirated. There was no statistical evidence of changes in PAS scores with advanced age. In contrast, another videofluoroscopic study of 98 healthy adults across the life span found that penetration became more frequent on thin liquids across 1, 3, 5, and 10 ml in participants starting at 50 years of age. 12 Although advanced age elicited greater frequency of penetration, no aspiration was detected in that healthy cohort. The discrepancy between videofluoroscopy and FEES in observed penetration and aspiration events likely lies in the limitations of having to use barium in testing thin liquids during videofluoroscopic studies. 41 Decreased risk for aspiration with increased viscosity is a well-documented and routinely clinically observed reality, [41] [42] [43] and barium (even ultrathin barium) is more viscous than water and milk. 41 Thus, the likelihood of penetration and aspiration increasing with age is supported, but the prevalence of penetration and aspiration observed in FEES is not transferable to observations in videofluoroscopy given the inherent differences (ie, radiographic vs actual visualization) in the 2 types of tests.
Additional factors found to modify PAS scores were seen in the sex by volume effect that revealed that females demonstrated consistent PAS scores regardless of bolus volume, whereas males demonstrated greater PAS scores on the large bolus volumes (ie, 15 and 20 ml) compared to the smaller bolus volumes (ie, 5 and 10 ml). It appears the larger bolus volumes, the ones that approximate a normal bolus volume, 40 reveal the predisposition of males to have a greater likelihood of penetration and aspiration compared to females as reflected in their higher PAS scores. Accordingly, in one of our previous studies from a separate cohort, more adult males aspirated compared to females during the study protocol. 3 Feng and colleagues 44 used computed tomography from 20 aspirators and 20 nonaspirators of the current cohort to evaluate the anatomic correlates of this finding and found aspirators had more geniohyoid atrophy than nonaspirators, but only among the older men. Similarly, Feng and colleagues 45 found in a subset of this same cohort that a more posterior position of the hyoid bone was correlated with aspiration in the older males. Looking physiologically into this sex difference, Kurosu and Logemann 46 found that males elicited later onset of laryngeal closure and had shorter laryngeal closure than females; the male's later and shorter laryngeal closure may predispose them to less airway protection during swallowing. Relative to oropharyngeal strength differences in the current cohort, healthy older males were found to generate significantly less posterior isometric tongue strength than females, 47 and aspirators and males had significantly less swallowing tongue pressures than nonaspirators and females, respectively. 48 Additionally, in a separate cohort who underwent manometric testing, we found that older adult males had significantly lower pharyngeal peak pressures than young males and older and young females. 15 Logemann and colleagues, in their extensive physiologic analyses of swallowing in independent cohorts of males and females, concluded: "Older women also exhibited an increased range of motion relative to the old men. This increase may indicate a compensation for aging effects not seen in older men (p. 434)." 50 It appears that healthy older males are more susceptible to anatomic and physiologic changes with advanced age, yet it is important to recognize that males across the lifes pan contributed to the higher PAS score; whether or not this is problematic for males relative to negative health consequences will require additional study.
Another factor observed to affect PAS scores was liquid type. We tested both milk and water during the present and in our past 2,3,14 FEES investigations and have continued to observe that milk elicited greater PAS scores and/or likelihood of penetration and aspiration than water. Specifically, 2% and whole milk elicited greater PAS scores and/or more aspiration events than water and skim milk. Why milk, which is slightly more viscous than water, elicited higher PAS scores and greater likelihood of penetration and aspiration, we are unsure. However, from our previous studies in older adults and the current study across the life span, testing milk and water is clearly indicated during FEES to provide the patient an opportunity to potentially "pass" on a thin liquid of water but also to assess if the patient is at risk for aspiration on milk. Given that 2% milk elicited the greatest mean PAS score (see Table 3 and Butler et al 2 ) and the greatest likelihood of penetration and aspiration compared to the other bolus types, 2% milk appears to optimally assess risk for aspiration on milk. The primary goal in testing both water and 2% milk is to avoid undermanagement of aspiration by only testing water if aspiration on milk is present as well as overmanagement of aspiration by restricting all thin liquids when aspiration was observed on milk but water may have been tolerated if tested. Likewise, if a patient aspirates 2% milk but really enjoys milk or needs an additional caloric/protein source, the clinician may find it worthwhile to test skim milk (in addition to the 2% milk), which elicited slightly lower PAS scores and lower likelihood of aspiration in the current and aforementioned study. 2 Given that both penetration and aspiration were identified in this healthy adult cohort, it was interesting that a delivery method effect was not found. That is, there was no difference in PAS scores between straw and cup delivery. Given that isometric lingual strength (ie, both anterior and posterior) decreased in 78 healthy older adult aspirators (N = 28) versus nonaspirators (N = 45), one may conclude that straw delivery would elicit a greater likelihood for aspiration. However, in that same cohort, swallowing strength was also found to be decreased in aspirators versus nonaspirators. So, it is plausible that generalized decreases in swallowing strength, regardless of functional reserve, predisposes an aspirator to aspiration regardless of bolus delivery method. 48 Finally, the likelihood of aspiration increased with increases in bolus volume (15 and 20 ml vs 5 ml). Given the typical bolus volume adults consume is about 20 ml, 40 this indicates that functional swallowing studies need to continue to test larger bolus volumes if aspiration is not observed on small bolus volumes. Clinical and research swallowing studies that only test 1, 3, 5, and even 10 ml are likely missing aspiration and potentially undermanaging patients with aspiration. We have observed this previously in a separate cohort where 20 ml elicited greater PAS scores than smaller bolus volumes of 5, 10, and 15 ml. 2 Others have also found that larger bolus volumes elicited greater PAS scores or more frequent episodes of penetration or aspiration. 12, 20, 24, 49, 51 Again, whether or not a few episodes of trace thin liquid aspiration need to be managed in a relatively healthy individual or patient remains to be seen, but to thoroughly evaluate swallowing function, multiple trials of a full range of bolus sizes are likely needed to more closely reflect swallowing during meals.
Physiological markers of aspiration in this healthy older adult cohort that have been discussed thus far (eg, decreased lingual strength, decreased pharyngeal strength, geniohyoid atrophy, posterior positioning of the hyoid, etc) are usually unavailable to the clinician performing FEES in a typical clinical patient care setting. Thus, a bolus flow marker, such as bolus dwell time (ie, pharyngeal response), could inform the clinician in distinguishing healthy older adult aspiration versus patient dysphagia/aspiration that potentially carries greater pulmonary health risk. However, there was no association between increased bolus dwell time and aspiration status in a large subset of this healthy older adult cohort (N = 76). 52 Thus, what the clinician can employ to differentiate healthy older adult aspiration and pathologic patient care dysphagia is still somewhat elusive at this time. So, as always, clinicians need to employ clinical judgment integrating patient's observed swallowing ability, medical history, pulmonary risk, mobility, and so on across a challenging FEES that includes a comprehensive array of bolus conditions.
Conclusion
During FEES, 203 healthy adults across the life span produced 6404 test swallows. However, 50% and 18% of the participants penetrated or aspirated on 1 or more swallows during the study protocol, respectively. Adults in the eighth and ninth decades demonstrated a greater difference in PAS scores with increasing liquid viscosity. Females demonstrated consistent PAS scores across liquid volumes whereas males' PAS scores increased with the 15 to 20 ml volumes. The likelihood of aspiration and penetration increased significantly with increasing liquid fat content as well as age. Increased volume also increased aspiration odds. The findings reported herein provide a benchmark of normal adult swallowing during FEES across the life span. Further, we suggest the inclusion of both water and milk test boluses of varying volumes to facilitate appropriate and comprehensive management of penetration and aspiration in adults. Finally, we concur with the assertion by Humbert and Robbins 53 that we are "becoming more aware of the need to distinguish among dysphagia, presbyphagia (i.e., an old yet healthy swallow) and other related diagnoses to avoid overdiagnosing and over-treating dysphagia."
